In this report, we present data to demonstrate the utility of 1 H MR microscopy to non-invasively examine alginate/poly-L-lysine/ alginate (APA) microcapsules. Specifically, high-resolution images were used to visualize and quantify the poly-L-lysine (PLL) layer, and monitor temporal changes in the alginate gel microstructure during a month long in vitro culture. The thickness of the alginate/PLL layer was quantified to be 40.676.2 mm regardless of the alginate composition used to generate the beads or the time of alginate/PLL interaction (2, 6, or 20 min). However, there was a notable difference in the contrast of the PLL layer that depended upon the guluronic content of the alginate and the alginate/PLL interaction time. The T 2 relaxation time and the apparent diffusion coefficient (ADC) of the alginate matrix were measured periodically throughout the month long culture period. Alginate beads generated with a high guluronic content alginate demonstrated a temporal decrease in T 2 over the duration of the experiment, while ADC was unaffected. This decrease in T 2 is attributed to a reorganization of the alginate microstructure due to periodic media exchanges that mimicked a regular feeding regiment for cultured cells. In beads coated with a PLL layer, this temporal decrease in T 2 was less pronounced suggesting that the PLL layer helped maintain the integrity of the initial alginate microstructure. Conversely, alginate beads generated with a high mannuronic content alginate (with or without a PLL layer) did not display temporal changes in either T 2 or ADC. This observation suggests that the microstructure of high mannuronic content alginate beads is less susceptible to culture conditions. r
Introduction
Evaluation of tissue engineered constructs by noninvasive imaging techniques can focus on the cellular component of the constructs-providing information critical to their function-or the biomaterials utilized in making the constructs-providing information critical to their structural integrity. Both tasks are equally important and synergistic to understanding the structure/function relationship of a construct under examination. Nuclear modality with a range of active nuclei and contrast mechanisms that has the ability to provide both metabolic and structural information. Although the use of NMR in medical and biological research is widespread, its application to tissue engineering has been limited [1] [2] [3] .
In the development of a bioartificial pancreas, most studies employing NMR techniques have focused on 31 P and 1 H NMR spectroscopy to investigate the correlation between cellular metabolism and insulin secretion under various environmental conditions [4] [5] [6] [7] [8] . One of the conclusions derived by 1 H NMR was that the resonance at 3.20 ppm, attributed to the trimethylamine protons of choline and its phosphorylated mono-and diesters, was sensitive to the overall metabolic activity of encapsulated cells maintained within a perfusion bioreactor [8] . This resonance was subsequently utilized to quantify viable cell numbers within a disk-shaped pancreatic construct both in vitro and in vivo [9, 10] . Although these studies provide invaluable information on the cellular function of the construct, they do not offer insight into potential structural changes of the biomaterials utilized.
The ability to monitor the structural integrity of a tissue engineered construct either in vitro or in vivo is critical in evaluating or predicting its structural demise. This assessment is particularly important for alginate-based constructs that have been known to deteriorate with time. Alginate is a naturally occurring biopolymer that has been used extensively as a vehicle to encapsulate a variety of biological materials including enzymes and cells of both microbial and mammalian origin. However, its long-term structural integrity is questioned given the soft gelatinous nature of the material. In tissue engineering, and particularly in the development of a bioartificial pancreas, alginates have been used to encapsulate islets [11] [12] [13] [14] and transformed b-cells [4, [15] [16] [17] with considerable success. A layer of a polycation, such as poly-L-lysine (PLL), followed by an additional layer of alginate is commonly used to coat the central alginate matrix, providing mechanical stability to the matrix [18] and at least partial immunoprotection [19] .
Magnetic resonance (MR) imaging at microscopic resolutions (o100 mm), commonly referred to as MR microscopy, has been used to monitor alginate beads [20] [21] [22] [23] [24] [25] immediately following encapsulation or shortly thereafter, but has not been used to track alginate beads during a long-term culture. Because changes in the T 2 relaxation time have been shown to correlate with changes in material porosity [26] , we postulated that MR microscopy could be used to examine alginate/poly-L-lysine/ alginate (APA) microcapsules integrity over time. In this report, 1 H MR microscopy was employed to (i) visualize and quantify the thickness of the PLL layer by taking advantage of the contrast generated by the interaction between alginate and PLL and (ii) monitor temporal changes in alginate gel microstructure by quantifying the MR properties of the alginate matrix.
Methods

Alginate microcapsules
Two types of alginate were used in this study (FMC BioPolymer, Drammen, Norway): (i) a high guluronic content alginate (MVG) composed of 73% guluronic acid (60% consecutive guluronic residues) and 27% mannuronic acid (manufacturer's data); and (ii) a high mannuronic content alginate (MVM) composed of 38% guluronic acid (20% consecutive guluronic residues) and 62% mannuronic acid (manufacturer's data). All alginate solutions were prepared by dissolving powder alginate in physiological saline (0.85% NaCl) at a concentration of 2% (w/v). The presence of noncrosslinking Na + ions generates a more homogeneous gel bead [27] . Alginate beads were generated with the aid of an electrostatic bead generator (Nisco, Basel, Switzerland) by crosslinking alginate with 100 mM CaCl 2 . APA beads were produced based on the protocol developed by Lim and Sun [13] and modified to suit our requirements [16] . Briefly, alginate beads were washed with solutions of CaCl 2 , CHES, 0.05% PLL and 0.2% alginate (of the same type as that used for the core material) to create the final APA beads at a diameter of 750750 mm. The APA beads in this study were not treated with citrate to liquefy the central alginate core.
To assess differences in the alginate/PLL interaction, two PLL polymers were tested; one of low molecular weight (19, 200 g/mol) and one of higher molecular weight (240,000 g/mol) (Sigma, St. Louis, MO). Furthermore, alginate beads were exposed to a 0.05% PLL solution for either 2, 6 or 20 min. Table 1 shows the various combinations of alginate composition, PLL molecular weight and interaction times examined. From the time the beads were generated to the end of the experiment, they were maintained in Dulbecco's Minimum Essential Medium (DMEM; Sigma, St. Louis, MO).
Temporal effects due to a 30 days long in vitro culture on alginate gel microstructure were assessed on both PLL coated and uncoated alginate beads composed of either MVG or MVM alginate. For these longitudinal experiments, alginate beads were coated with the lower molecular weight PLL using an exposure time of 6 min. The beads were maintained in a fashion similar to the culture of encapsulated cells; the DMEM medium was changed with fresh medium three times weekly. Because all experiments presented in this study were performed with cell-free alginate beads, temporal changes reflect the effect of frequent media switches, characteristic of in vitro cell culture, on the microstructure of the alginate gel without the confounding effects of cell growth and/or metabolic activity, which may contribute to these changes as well.
MR microscopy
All MR images were acquired using a vertical 17.6-T 89-mm bore cryopumped magnet equipped with a Bruker Avance console and Micro2.5 gradients (maximum strength of 1 T/m). Three to six beads immersed in DMEM were loaded into a glass capillary (inner diameter, To assess the contribution of T 2 * in the detection of the PLL layer, GRE images of high mannuronic content APA beads were collected at variable TEs (4-40 ms) or variable bandwidths (15,000-100,000 Hz). These images were obtained by holding one of the two acquisition parameters (i.e. TE and bandwidth) constant while varying the other. For these T 2 * assessments, APA beads were composed of the lower molecular weight PLL and the time that the PLL solution was allowed to interact with the alginate beads was 6 min.
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MR images were also acquired using a conventional spin-echo (SE) imaging sequence that employed a bipolar read-refocusing gradient pair located after the second radio frequency pulse to minimize the effect of unintended water diffusion resulting from the read gradient [29] . To quantify T 2 , separate images were acquired at echo times ranging from 15 to 120 ms. These T 2 -weighted images were acquired in 25.5 min/image with
2 and slice thickness of 60 mm. Diffusion weighted images were acquired at five diffusion weightings using the same spin echo sequence and by incrementing the diffusion gradient strength (b values ¼ 195, 507, 748, 977 and 1200 s/mm 2 ). All other imaging parameters remained constant between images. The nominal resolution of both T 2 -and diffusionweighted images was 47 Â 47 Â 60 mm 3 . Quantification of T 2 relaxation and the apparent diffusion coefficient (ADC) was performed based on a region of interest (ROI) analysis. Circular ROIs encompassing the entire bead and the center of the bead were generated and the average signal intensity over the entire ROI was measured. Based on these measurements, the T 2 relaxation time and the ADC were calculated by fitting signal intensity as a function of TE or b value respectively using a non-linear Levenberg-Marquardt regression analysis for a single decaying exponential function. The total acquisition time for quantitative imaging experiments on a single bead preparation was 6.5 h.
Quantification of the PLL layer
The amount of PLL deposited on the alginate matrix was quantified by measuring the concentration of the PLL solution before and after exposure to the alginate beads. Briefly, samples of the PLL solution were collected before and after exposure with alginate beads, lyophilized and dissolved in 100 ml of saline. Ten microliters of the resuspended solution were placed in different wells within a 96-well-plate, and 100 ml of a fluorescamine (Sigma, St. Louis, MO) solution (3 mg of fluorescamine per ml of DMSO) were added to each well. The microwell plate was placed in a Synergy HT plate reader (Bio-Tek, Winooski, VT) and allowed to incubate at 37 1C for 20 min. Fluorescence was measured using an excitation filter centered at 360 nm with a bandwidth of 40 nm and an emission filter centered at 460 nm with a bandwidth of 10 nm. The values measured from our samples were compared against a calibration curve of known PLL concentrations. The amount of PLL deposited per ml of beads was calculated by subtracting the measurements before and after exposure. Thus, when small quantities of PLL are deposited on the beads, the error in this measurement is large. Each measurement was performed twice and a t-test analysis was used to determine the statistical significance of the results. Fig. 1 illustrates SE images (TE ¼ 25 and 65 ms) of four MVM beads. The bottom two beads are coated with a PLL layer (lower molecular weight PLL with 6 min exposure time) while the top two are not coated with PLL. The noncoated beads show a faint ring around the bead attributed to a small susceptibility (T 2 *) effect induced by the gel/ media interface. The PLL coated beads show a dark circle at the periphery of the alginate matrix that clearly demarcates the beads from the surrounding medium. Compared to the signal intensity of the (a) inner bead and (b) external media, the PLL layer in Fig. 1 shows a contrast enhancement of (a) 2775% and (b) 3972%, respectively, for a TE ¼ 25 ms and an enhancement of (a) 5470.8% and (b) 7070.07% for a TE ¼ 65 ms. For reference, the periphery of the uncoated beads in Fig. 1 displays a contrast enhancement of only 3.570.8 to 4.878.8% compared to the interior of the bead. These averages and standard deviations were determined based on n ¼ 7 measurements. Additionally, the thickness of the observed layer did not increase by increasing either TE or decreasing bandwidth and was the same for both SE and GRE images (data not shown). These observations suggest that the contrast generated by the PLL layer is largely due to intrinsic T 2 relaxation with a small contribution by local field inhomogeneities. Conversely, the contrast generated by the small air bubble located on the top PLL coated bead, is dominated by T 2 * as demonstrated by the increase in its size with increasing TE. However, it is possible that T 2 * contribution may be underestimated given the limited number of pixels across the PLL layer. Fig. 2 shows GRE images illustrating differences in the alginate/PLL contrast as a function of the alginate composition and the exposure time between alginate beads and the PLL solution. Specifically, for alginate beads coated with the lower molecular weight PLL, the contrast due to the PLL layer increased as the interaction time between alginate and PLL increased from 2 to 6 to 20 min. This effect was observed for both alginate compositions examined, but it was more pronounced for beads generated with MVM alginate. However, when the high molecular weight PLL polymer was used, there were no distinguishable differences in contrast as a function of either interaction times or alginate composition. To quantify these alterations in contrast, the signal-to-noise ratio (SNR) of the PLL layer was calculated for each exposure time and echo time. For the images of Fig. 2 , the SNRs of the low molecular weight PLL layer MVM beads were 2370.6, 2070.8 and 1770.1 for exposure times of 2, 6 and 20 min, respectively. These values correspond to a contrast enhancement relative to the minimal exposure time of 12% and 26% with the longer PLL exposures. This enhancement also is reflected in the calculated T 2 * coefficients for the low molecular weight PLL layer of the MVM beads: 21.2, 20.2 and 16.6 ms for exposures of 2, 6 and 20 min, respectively. By comparison, the high molecular weight PLL layer of the MVM beads of Fig. 2 displayed only an average contrast enhancement relative to the minimum exposure of 2.371.0% and T 2 * coefficient of 18.1 ms. Meanwhile, the PLL enhancement seen in the MVG beads relative to the minimum exposure improved by 3.870.1% and 8.670.02% with increasing exposure times while the T 2 * coefficient was calculated as 24.0, 23.3 and 22.7 ms for PLL exposures of 2, 6 and 30 min, respectively. Clearly, though not evident with the high molecular weight PLL, contrast enhancements could be identified and quantified for both alginates for the lower molecular weight PLL as a function of the exposure time.
Results
Visualization and quantification of the PLL layer
In support of these images, the amount of PLL deposited on the alginate beads was quantified for the various experimental conditions examined in this study. Fig. 3 shows a bar graph depicting the amount of PLL deposited per milliliter of APA beads. These data show that when the lower molecular weight PLL was used, there was a statistically significant (po0:05) increase in the amount of PLL deposited on the alginate beads with increasing time of exposure. Furthermore, the quantities of PLL deposited on MVM based beads exposed for either 6 or 20 min to PLL were statistically higher (po0:05) than the corresponding MVG based beads. Conversely, when the higher molecular weight PLL was used, the amount of PLL deposited on the alginate beads could not be reliably quantified regardless of exposure time or alginate composition. Fig. 4 shows a profile of the alginate/PLL thickness measured on four MVM APA beads (lower molecular weight PLL with 6 min exposure time) imaged with a GRE sequence and TE ¼ 25 ms. Each point corresponds to a different slice through the bead, and thus, the values on the x-axis correspond to the relative location of the PLL measurement proceeding from one edge of a bead to the diametrically opposed side. The PLL thickness in each slice was measured by using a spatially defined histogram of MR signal intensity to count individual pixels in the MR microimage. Pixels were counted in the PLL thickness measurement if their signal intensity decreased by more than 20% from the signal intensity of the center of the bead. In Fig. 4 , the center point of the graph corresponds to the equator of the bead and represents the most accurate measurement of the PLL thickness at 40.676.2 mm. The increased apparent thickness at each edge of the profile is attributed to the curvature of the bead and the slice thickness of the images. Despite the detected changes in contrast intensity and PLL deposited on the beads, the thickness of the PLL layer measured by MR was constant for all combinations of PLL molecular weight, exposure time and alginate composition examined. In all cases, the thickness at the equator of the bead ranged between 35 and 50 mm. Furthermore, the thickness of the PLL layer did not change during the 30 days of culture, suggesting that the PLL layer is stable during this period.
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Using 3D volume rendering, the PLL layer was segmented to produce 3D images of the entire bead to assess the uniformity of the PLL coat, as seen in Fig. 5 . The left panel shows a GRE image (a single slice from a 3D dataset acquired with TE ¼ 25 ms) of a single APA bead (MVM alginate, lower molecular weight PLL, 6 min exposure). The panel on the right shows the 3D segmentation of the PLL shell generated from the GRE data set. The darker hue represents the PLL shell while the lighter hue represents the surrounding media. Segmentation was performed using AMIRA 3.1 (Mercury Computer Systems, Inc., Chelmsford MA). To simplify segmentation, a Gaussian filter was applied directly to the processed image dataset to enhance contrast between the internal bead and PLL layer and reduce the number of false positive points included in the rendered PLL layer. Segmentation was based on an automated selection of pixels determined by MR signal intensity thresholds (PLL layer fell between 15% and 30% of the peak signal intensity of the dataset), with nominal manual correction. The resulting image shows that there are no visible defects in the coating of the alginate beads with PLL, which underscores the continuity of this layer even at short exposure times. non-PLL coated beads. In contrast, MVM beads did not exhibit an appreciable change in T 2 relaxation for either PLL coated or non-coated beads. Diffusion-weighted images did not yield statistically significant temporal changes in ADC for any of the culture combinations examined (data not shown). This observation is in agreement with previous studies reporting a lack of change in ADC as a function of alginate composition [21, 22] .
Longitudinal changes in alginate NMR relaxation parameters due to long term culture
Discussion
Visualization of the PLL layer in APA beads is not new; it was recently demonstrated with the use of fluorescentlabeled PLL and the aid of a confocal laser scanning microscope [30] . However, the MR techniques utilized in this study do not require the synthesis of fluorescentlabeled PLL. Commonly purchased PLL and standard SE and GRE MR sequences were utilized throughout this study. Our data show that T 2 -and T 2 *-weighted MR images are sensitive measures of the presence and thickness of the PLL layer. MR-based measurements of PLL thickness ranged from 35 to 50 mm for all combinations of PLL exposure times, PLL molecular weights and alginate compositions examined. This thickness is in agreement with data presented by Strand et al. (30-50 mm for exposure times up to 30 min), and it is attributed to the infiltration of PLL into the alginate matrix [30] . Such PLL infiltration is also reported in the studies by de Vos et al. [31] and Tam et al. [32] . This agreement between MR and non-MR methods further indicates that susceptibility effects do not significantly contribute to the thickness of the PLL layer in the MR images acquired under these conditions, which underscores the robust nature of the technique.
The contrast observed in either GRE or SE images is sensitive to changes in the interaction between lower molecular weight PLL and alginate beads regardless of their composition. Specifically, MVM or MVG beads displayed higher contrast (darker bead periphery) when exposed for 20 min than when exposed for 2 min. Similarly, the contrast of the PLL layer is higher (i.e. darker) in MVM beads than in corresponding MVG beads at a given exposure time. These observations were confirmed by the quantification of the PLL deposited on the beads. Thus, for the lower molecular weight PLL utilized in this study, the MR contrast of the PLL layer and the quantity of PLL deposited onto alginate beads correlated to the guluronic content of the beads and the exposure intervals.
Previous studies describing the interaction of similarly low molecular weight PLL and alginate are contradictory. The studies by Thu et al. [33, 34] demonstrated that the binding affinity of PLL to alginate was lower for high guluronic content alginates, suggesting that more PLL can be deposited on alginates with a high mannuronic content. Conversely, the study by van Hoogmoed et al. demonstrated that alginate capsules made with a high guluronic content alginate contained 20% more PLL than similar capsules made with an intermediate guluronic content alginate [35] . The cause of this discrepancy is not fully understood. However, a new study by Tam et al. [32] suggests that the conformation of the alginate/PLL complex depends on the strength of the interaction between the two molecules. Specifically, when the interaction between alginate and PLL is weak (e.g., for high guluronic content alginates), the alginate/PLL complex has a random coil conformation. Alternatively, when the interaction between the two molecules is strong (e.g., for high mannuronic content alginates), the alginate/PLL complex has a specific helical conformation, namely an a-helix of interwoven with alginate [32] . Because the helical conformation is tighter than the random coil conformation, it will lead to more spin-spin interactions and shorten the T 2 relaxation time (i.e., darker contrast for the PLL/alginate interface). Therefore, it is possible that the difference in the contrast of the PLL layer in APA beads is attributed to the conformational differences of PLL/alginate complex and not solely to the quantity of PLL deposited on the beads. In a similar vein, these data also demonstrate that the correlation between MR contrast and PLL exposure time on alginate does not hold for the higher molecular weight PLL utilized in the study. This is best illustrated by comparing preparations of MVG based beads. The contrast of the PLL layer on all MVG preparations is similar, regardless of the molecular weight of the PLL used to coat the beads. This observation suggests that similar quantities of PLL are deposited on these MVG beads. However, quantification of PLL showed statistically higher quantities of PLL were deposited on the beads when the lower molecular weight PLL was utilized. This is attributed to the restricted diffusion of the higher molecular weight PLL as it penetrates and interacts with alginate and it is in agreement with the study by Thu et al. [33] . Therefore, MR Microscopy provides an excellent method to assess noninvasively and non-destructively the interaction and dynamics of a polycation such as PLL with anionic hydrogels such as alginate.
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A key concern with the use of alginate in tissue engineered constructs is the long-term stability of the alginate gel. Given that alginate gel is formed by the ionic interaction between negatively charged alginate molecules and positively charged calcium ions (or other similarly charged cations), it is reasonable to hypothesize that calcium ions may diffuse out of the alginate matrix during a prolonged culture. This process may cause the alginate/ calcium bond to weaken, resulting in a weaker gel that may dissolve or break. A recent study by Simpson et al. [36] demonstrated that alginates with a higher guluronic content are more susceptible to changes in Ca +2 ion concentration. Thus, it is reasonable to assume that the ''egg-box'' configuration [37] of the gelled MVG alginate will weaken with time in culture, due to the diffusion of Ca +2 ions, causing a collapse of the gel structure and a decrease in gel porosity. From the NMR perspective, this decrease should manifest as a decrease in T 2 values, which is indicated by the data presented in Fig. 6 . The fact that the observed decrease in T 2 is more pronounced in non-PLL-coated MVG beads than in PLL coated beads supports a previous study suggesting that the PLL layer hinders the transport of Ca +2 ions across the PLL layer [22] . Thus, the MVG gel microstructure is better maintained in PLL-coated beads than in non-coated beads.
Metabolic studies with bTC3 cells encapsulated in MVG APA beads show that encapsulated cells begin to grow after 20 days in culture, whereas bTC3 cells encapsulated in MVM grow continuously from the onset of the culture [38] . T 2 data presented in Fig. 6 , show that MVG beads undergo a gel microstructure re-organization during the first 2 weeks of culture. It is particularly interesting to note that the minimum T 2 values measured from MVG APA beads are similar to those measured from MVM beads throughout the study. These observations suggest that MVG gels re-organize during in vitro culture, reaching a configuration that is more conducive to cell growth. One way to prevent the re-organization of the MVG gel is to periodically wash the alginate beads in CaCl 2 as was recently demonstrated [36] . Unlike MVG alginate, MVM alginate does not experience the same change in porosity due to the weaker Ca +2 /alginate interaction. Consequently, the MVM microstructure does not undergo a significant re-organization over the culture period, which is consistent with the static T 2 value measured in this study.
Finally, T 2 values for MVG and MVM alginate beads measured 24 h after encapsulation and maintained in DMEM media were compared to measurements reported previously with similar beads maintained in CaCl 2 for a day [22] . While T 2 values of MVG beads were similar in both media conditions, T 2 values for MVM beads maintained in DMEM were higher than those reported for beads maintained in CaCl 2 . This observation suggests that MVG alginate beads maintained their initial organization after 24 h of DMEM incubation while MVM alginate beads underwent a rapid alteration during this period. This difference may be attributed to the different swelling properties between MVG and MVM alginates. High guluronic content alginates maintain their rigid structure initially due to their strong Ca 2+ /alginate interaction, while high mannuronic content alginates swell more readily resulting in an increase in T 2 once the presence of external CaCl 2 is removed. Notably, the swelling of the MVM alginate takes place rapidly during this first 24-h timeframe, after which the structure of the MVM bead remains constant for the remainder of the culture time as reflected by the T 2 measurements over the 30-day period.
Conclusion
In summary, we have demonstrated that MR microscopy can non-invasively and non-destructively visualize and quantify the PLL layer and monitor temporal changes in the structure of alginate beads during a prolonged culture. The data show that the thickness of the PLL layer at the periphery of alginate beads is between 35 and 50 mm regardless of the alginate composition or the time of exposure to the PLL solution (up to 20 min). The data also show that high guluronic content alginate beads undergo reorganization of their gel structure during an in vitro culture, while high mannuronic content alginate beads are not susceptible to such changes under similar culture conditions. It should be emphasized that the imaging techniques utilized in this study are generic and can be applied to study other hydrogels and/or other polycation layers.
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